Background The aim of this work is to study the possible association between retinal nerve fiber layer (NFL) thickness and driving ability. Methods Thirty-eight drivers including 22 HIV-positive (HIV+) and 16 age-matched HIV-negative controls participants underwent a full ophthalmologic evaluation, including assessment of retinal NFL thickness. In the undilated state with standard optical correction and under standard illumination they also completed a computer-based, wide field-ofview driving simulation in which they were to obey traffic laws, engage in crash avoidance, and pass slower automobiles. Crashes, speeding and traffic light tickets, and off-road excursions contributed to a weighted score of driving errors. Results HIV-seropositive participants had a significantly higher weighted error score than control participants (18.4 [9.2] vs. 11.1 [4.5], p=0.006). NFL thickness was significantly correlated with driving errors (r=−0.51, p=0.025);
Introduction
Previous research has shown decreased visual functioning in HIV patients without retinitis, with patients performing more poorly on visual field and perimetry tests compared to control subjects [1] [2] [3] . We have previously shown that 40% of HIV patients manifest visual field abnormalities. Other tests of visual function such as color vision and color contrast sensitivity tests have also revealed that HIVpositive patients without retinitis have lower color detection ability than control patients [4] [5] [6] [7] . In recent studies, we tested retinal nerve fiber layer integrity using scanning laser polarimetry and optical coherence tomography and found significant retinal nerve fiber layer thinning in low CD4 HIV-positive patients (CD4 nadir <100 at least for six consecutive months) without retinitis when compared to high CD4 patients (CD4 nadir >200) and control patients without HIV [8, 9] . Inner retinal damage may be due to retinal ischemia or accumulated cotton wool spots damage.
Indeed, we have recently demonstrated permanent inner retinal changes after CWS in HIV patients [10] .
Although there has been extensive research exploring the ocular problems associated with HIV, no studies have examined how these ocular problems relate to the ability to perform tasks of daily living such as driving. HIV patients with neuropsychological impairment have problems in driving, assessed via driving simulators or on-road evaluations [11] [12] [13] . However, the studies did not evaluate the possible role of visual defects associated with HIV infection. The current study strives to determine if there is any association between HIV-associated reductions in nerve fiber layer thickness and driving ability of HIV patients without infectious retinitis.
We hypothesized that advanced disease would be associated with reduced performance on the driving simulator, and this would be most pronounced in cases with reduced nerve fiber layer thickness.
Subjects and methods
The study consisted of 38 patients including 22 HIVpositive and 16 age-matched HIV-negative subjects without ocular disease. All participants were active drivers. From June 2009 to October 2009, all patients were seen at the University of California San Diego (UCSD) Jacobs Retina Center and had full ophthalmologic examinations to rule out infectious retinitis. All patients had full eye examinations including best-corrected visual acuity, slit-lamp biomicroscopy of eye anterior segment including anterior onethird of vitreous, intraocular pressure (IOP), and indirect ophthalmoscopy after dilation. The patients with IOP higher than 21 mmHg or evidence of glaucoma, media opacities, or other identified retinal abnormalities were excluded. HIV history and laboratories were obtained to determine the lowest CD4 T cell count in the patient's history. We performed measurement of the participants' nerve fiber layer thickness using optical coherence tomography (Stratus OCT3, v.4.0, Zeiss Meditec, Dublin, CA). The study was approved by the UCSD Institutional Review Board and patient consent was obtained before entering the study.
A 10.2-mile simulated driving test (approximately 20 min) was performed by each participant using the STISIM driving simulator (Systems Technology Inc. Hawthorne, CA, USA), in the undilated state with standard optical correction and under standard illumination. The fully interactive simulator was comprised of three computer screens aligned to create a 135°field of view, a steering wheel and a reverse button, brake, and accelerator.
Participants were instructed to drive as they normally would and to respect all traffic rules, including posted speed limits. The simulation includes four emergency situations (an unexpected road block, a jaywalking pedestrian, a nearby speeding car, a red truck that backs into the road) and a few more routine yet visually intensive situations (avoiding a bicyclist on the street, letting pedestrians cross at a stoplight, passing slow cars and stopped cars, navigating curved mountain roads). The number of driving errors, including total collisions with pedestrians and other automobiles, off road excursions (driving on the shoulder without having a crash), speeding tickets, and traffic light tickets were recorded. In addition to these individual metrics, similar to the approach used with on-road evaluations [14] [15] [16] , we calculated a "weighted error score" in order to summarize the participants driving performance and give greater weight to more dangerous incidents. Crashes were assigned 3 points, running a traffic light 2 points, speeding tickets 1 point, and off-road excursions (without a crash) 0.5 points. Participants completed a brief training drive prior to the test in order to familiarize them with the task.A similar simulation was found to be predictive of on-road driving performance in HIVseropositive participants [12] .
Statistical analysis
For each participant, each type of the recorded drive error was assigned a weighted score as described above and the scores were summed for each participant. The summed score was used as a response variable for regression analysis on NFL and HIV serology status. All of the analyses were conducted using JMP v. 8.0 (SAS).
Results
As seen in Table 1 , the HIV + and control participants were similar with respect to age, gender, and ethnicity. The HIV + group represented a range of nadir CD4 cell counts, with 45% having a nadir less than 100. Central visual acuity in all subjects was 20/30 and better in both eyes and they did not have any signs of retinopathy at the time of examination. Mean nerve fiber layer thickness was significantly thinner for low CD4 group (Table 2) .
Compared to the control group, the HIV + group had a significantly higher number of crashes on the simulation, including collisions with pedestrians as well as other automobiles (Table 3 ). The HIV + group also had more off-road excursions. When these errors were combined into the weighted error score (Table 3) , the HIV + performed significantly more poorly than the control group (18.4 [9.2] vs. 11.1 [4.5] errors; p=0.006). We used the weighted error score for all subsequent analyses.
In order to determine predictors of poor driving within the HIV + group, we first examined whether demographic characteristics were predictive of the error score. Age, gender, and ethnicity were not associated with simulator errors. As a continuous variable, nadir CD4 cell count was not associated with driving performance (r=0.03; p=0.90), although there was a trend for participants with nadir CD4 <100 to have more errors than participants with CD4 >100 (22.9 [11.7] vs. 16.3 [7.3] , p=0.12). The regression analysis found that NFL density was the significant predictor for driving errors (p= 0.0136). Within the HIV + group, NFL thickness was significantly correlated with driving errors (r=−0.51, p= 0.025; Fig. 1) ; this was not the case in the control group (p = 0.48). To further examine the relationship between immunosuppression, NFL thickness, and simulator performance, we stratified the groups into low/high CD4 (<100), and low/high NFL thickness (< 80). The low CD4/low NFL group had significantly higher driving error scores (30.3 [9.5] ; n=4) than the low CD4/high NFL (13.2 [5.2] ; n=3), high CD4/high NFL (15.2 [6.9] ; n=3) and high CD4/low NFL (12.0; n=1) groups.
Discussion
This study is the first to use a driving simulation to assess the potential impact of HIV-related visual pathology on driving performance. Compared to HIV-seronegative controls, HIV + individuals had significantly more crashes and were more likely to drive on the roadway shoulder; there Fig. 1 Relationship between retinal nerve fiber layer thickness and weighted simulator errors for HIV-seropositive subjects. x retinal nerve fiber layer thickness; y weighted simulator errors was a trend for more speeding tickets. Within the HIV + participants, the worst driving performance was by individuals with both a low nadir CD4 cell count and significantly reduced retinal nerve fiber layer thickness. The relationship between NFL thinning and worse driving performance may in part be due to the reduced NFL causing decreased retinal sensitivity, as evidenced by subtle visual field defects [17] . Structural and functional damage in eyes without infectious retinitis occurs with CD4 count below 100 for a prolonged period of time [8, 9] . Neuropsychological impairment is also most common in individuals with advanced disease, and particularly in individuals with low nadir CD4 levels [18] . Previous studies have demonstrated that HIV-related cognitive impairments are associated with reduced performance on a simulator [11, 12] , greater difficulty on a structured on-road evaluation [12] , and real-world crashes [13] . Unfortunately, we were unable to examine the relationship between NFL thickness and cognitive functioning since we did not have neurocognitive testing on these individuals. This would be an area for future study.
In addition to the lack of cognitive testing, there are other limitations to the present study. The sample size is small, and thus replication with larger samples is needed. We used a PC-based driving simulation as an estimate of driving ability, and it cannot be assumed that performance on the simulator translates to real world driving. However, it is worth noting that the simulation was designed to closely approximate real-life driving situations [12] and emulates visually demanding activities (e.g., changing lanes, making turns, passing other cars, avoiding pedestrians, and avoiding unexpected roadblocks [11] ) that are consistent with documented structural and functional visual abnormalities associated with HIV, as shown through optical coherence tomography [8] , scanning laser polarimetry [9] , static perimetry [2, 3, 7, 17] , and electroretinography [7, 17] . Supporting the validity of using simulations, a number of studies have demonstrated that similar driving simulations are predictive of on-road driving performance [19, 20] , including in HIV-infected populations [12] .
Despite these limitations, this preliminary study suggests that driving ability may be significantly impacted by reductions in retinal nerve fiber layer thickness that are associated with low CD4 nadir in HIV patients. Physicians should consider the potential impact that more complex ophthalmologic conditions in HIV-infected patients may have on driving performance. 
